Differential Roles of ERK and p38 MAP Kinase Pathways in Positive and Negative Selection of T Lymphocytes  by Sugawara, Takehiko et al.
Immunity, Vol. 9, 565±574, October, 1998, Copyright 1998 by Cell Press
Differential Roles of ERK and p38 MAP Kinase
Pathways in Positive and Negative Selection
of T Lymphocytes
shown to determine these opposite destinations of im-
mature thymocytes (Ashton-Rickardt et al., 1994; Hog-
quist et al., 1994; Sebzda et al., 1994; Takahama et al.,
1994). However, it is largely unknown how these cell
surface signals are transmitted within thymocytes to
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It has been shown that TCR signals are initiated byJapan
the activation of two classes of tyrosine kinases: Lck,²Department of Biophysics
which associates with the CD4 coreceptor molecule,Graduate School of Science
and ZAP-70, which directly associates immune receptorKyoto University
tyrosine-based activation motifs of TCR complex phos-Kyoto 606-8502
phorylated by Lck (Weiss and Littman, 1994; Wange andJapan
Samelson, 1996). Major substrates of ZAP-70 include³Precursory Research for Embryonic Science
Cbl, SLP-76, and recently identified LAT (Fournel et al.,and Technology Project
1996; Motto et al., 1996; Zhang et al., 1998). DownstreamJapan Science and Technology Corporation
signaling molecules such as PLCg, PKC, calcineurin,Tsukuba 305-8577
vav, and p21ras are involved in transmitting TCR signalsJapan
(Secrist et al., 1991; Clipstone and Crabtree, 1992; Iz-
quierdo et al., 1993; Wu et al, 1995; Monks et al., 1997).
It has been implicated that, among these molecules, the
Summary signaling cascade through p21ras→Raf→MKK1 (MEK)→
MAP kinase (ERK1/2) is crucially involved in characteriz-
Clonal selection of T lymphocytes is essential for es- ing positive selection-inducing TCR signals (Swan et
tablishing self/non-self discrimination of immune rec- al., 1995; O'Shea et al., 1996; Shao et al., 1997). Most
ognition. It is known that cell surface signals such as dramatic is the finding that transgenic expression in
avidity and valency of TCR-ligand interactions influ- developing thymocytes of dominant-negative mutants
ence the fate of individual thymocytes, founding a pri- of MKK1 selectively inhibits positive selection without
mary repertoire of T cells. However, intracellular sig- affecting negative selection (Alberola-Ila et al., 1995,
nals that govern positive and negative selection in the 1996). It is still unknown, however, whether MKK1 activa-
thymus have been unclear. The present study using the tion alone in developing thymocytes is sufficient for pro-
retroviral gene transfer technique shows that MKK1 voking TCR signals that induce positive selection. More
activation in developing T cells is sufficient for provid- importantly, the TCR-induced signaling cascade that
characterizes negative selection is much less under-ing positive selection signals. We also show that the
stood.MKK6-p38 signaling pathway is critically involved in
In neuronal cell development, it has been shown thatinducing negative selection of thymocytes. These re-
differential MAP kinase cascades are involved in de-sults suggest that intracellular signals through differ-
termining the fate of immature cells. Namely, in PC12ent MAP kinase cascades selectively guide positive
pheochromocytoma cell line, the activation of MKK1→and negative selection of T lymphocytes.
ERK1/2 kinase cascade is involved in growth and devel-
opment of neurites, whereas the activation of eitherIntroduction
MKK4→JNK kinase cascade or MKK3→p38 kinase cas-
cade leads to apoptosis (Xia et al., 1995). SinceDuring development in the thymus, immature precursor
MKK1→ERK cascade is known to be involved in positivecells begin to rearrange TCR gene segments, generating
selection of T cells, it would be of interest to speculatea pool of immature thymocytes that express an a priori
that other MAP kinase cascades may be involved inrepertoire of TCR recognition specificity. These newly
inducing negative selection. It has been recently showndeveloped CD41CD81 thymocytes are subject to clonal
that T cell development including positive and negativeselection according to TCR interaction with self-MHC/
selection appears essentially unaffected in MKK4-defi-
peptide complex expressed in the thymus. Thymocytes
cient thymocytes, although MKK4-deficient thymocytes
that express useful TCR specificity recognizing foreign show increased susceptibility to CD95- and CD3-medi-
antigens presented by self-MHC molecules are posi- ated apoptosis (Nishina et al., 1997). On the other hand,
tively selected for further development into mature it has been reported that p38 kinase is mainly activated
CD41CD82 and CD42CD81 T cells, whereas thymocytes by MKK6 rather than MKK3 (Moriguchi et al., 1996a,
that express harmful TCR specificity reacting with self- 1996b). Consequently, we speculated that the signaling
antigens are negatively selected for deletion in the thy- cascade through MKK6→p38kinase (Moriguchi et al.,
mus (Allen, 1994; von Boehmer, 1994; Benoist and 1996a, 1996b; Raingeaud et al., 1996) may be involved
Mathis, 1997). Cell surface events such as avidity and in specifying negative selection signals.
valency of TCR ligation by MHC/peptide complex are The present study examined the roles of MKK1→ERK
cascade and MKK6→p38 cascade in positive and nega-
tive selection of immature thymocytes during T cell de-§ To whom correspondence should be addressed (e-mail: takahama
@tara.tsukuba.ac.jp). velopment. To do so, we used a newly devised retroviral
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Figure 1. Effects of PD98059 and SB203580
on T Cell Development in Fetal Thymus Organ
Cultures
Day 17 fetal thymus lobes from normal B6
mice were cultured for 6 days in organ in the
absence or presence of indicated concentra-
tions (mM) of PD98059 or SB203580. Single
cell suspensions from individual thymus
lobes were measured for viable cell numbers
using Trypan blue dye exclusion method.
Cells were also 3-color stained for CD4 (APC),
CD8 (PE), and TCRb (H57-FITC). Frequency of
indicated cell populations determined using
flow cytometry and means 6 standard errors
of viable cell numbers per lobe are plotted
from three individual measurements (A). Rep-
resentative cytometry profiles of the cells cul-
tured in the absence or presence of indicated
reagents (20 mM) are shown in (B). TCRb ex-
pression profiles (solid lines) are overlaid with
background fluorescence profiles of normal
IgG-stained cells (dotted lines). Numbers in-
dicate frequency of the cells within the box.
gene-transfer technique (Sugawara et al., 1998) to intro- upper panels). These results suggest that PD98059 im-
pairs the positive selection process, arresting the differ-duce MKK1 and MKK6 molecules in developing thymo-
cytes in fetal thymus organ cultures. We also used phar- entiation of precursor thymocytes into TCRhigh ªsingle-
positiveº T cells. It is interesting to point out thatmacological inhibitors specific for MKK1 and p38 kinase
to examine the effects on positive and negative selection PD98059 also decreased the generation of TCRhigh
CD41CD81 thymocytes (Figure 1A), suggesting thatoccurring in fetal thymus organ cultures. Our results
show that MKK1 and p38 activation is selectively re- MKK1-dependent positive selection signals are involved
in generating TCRhigh CD41CD81 thymocytes before di-quired for inducing positive and negative selection of
developing T cells. We also show evidence suggesting viding CD4/CD8 phenotypes of T cells.
We then examined the effect of PD98059 in the pro-that MKK1 and MKK6 introduction can replace TCR
signals inducing positive and negative selection, re- cess of negative selection. To do so, normal fetal thymus
lobes were treated with monoclonal antibody specificspectively. Thus, our results identify that different MAP
kinase signaling cascades are selectively involved in for TCR/CD3 complex. Anti-CD3-antibody has been
shown to induce apoptosis of CD41CD81 thymocytes,positive and negative selection of T cells.
cell death generally believed to resemble negative selec-
tion of T cell in the thymus (Smith et al., 1989). PD98059,Results
however, did not affect the anti-CD3-induced decrease
of CD41CD81 thymocytes (Figure 2).An MKK1 Inhibitor Preferentially Impairs
Positive Selection of T Cells To further examine the effect of PD98059 in the pro-
cess of positive and negative selection, we next usedTo examine the role of MAP kinase cascade in positive
selection, thymus lobes were obtained from normal fetal fetal thymus organ cultures from TCR-transgenic mice.
Male-antigen-specific H-2Db-restricted TCR (HY-TCR)-mice at day 17 of gestation. In day 17 fetal thymocytes,
CD41CD81 thymocytes had been already generated in transgenic thymocytes are positively selected into CD42
CD81 T cells in H-2b female mice and negatively selectedvivo, but mature TCRhigh T cells had not been generated
yet. During 5±6 days in organ culture of day 17 fetal in H-2b male mice (Teh et al., 1988). Transgene-homozy-
gous H-2d HY-TCR mice were crossed with H-2b mice,thymus lobes, mature TCRhigh single-positive T cells were
generated. This generation of mature T cells in thymus so that every fetus would be H-2b/d and carry HY-TCR
transgene. The sex of these embryos at day 17 of gesta-organ culture was defective in TCRa-deficient mice or
MHC-deficient mice, indicating that the generation of tion was determined under microscopy. Two thymus
lobes from each fetus were individually cultured eithermature T cells in organ culture reflects positive selection
initiated by TCR-MHC interactions (Takahama et al., in the absence or presence of 10 mM PD98059. We found
that PD98059 impaired the generation of CD42CD81 HY-1994; Takahama and Nakauchi, 1996). As shown in Fig-
ure 1, an MKK1 inhibitor PD98059 (Alessi et al., 1995; TCRhigh T cells in positively selecting female fetuses,
whereas PD98059 did not markedly affect the decreaseDudley et al., 1995) in culture at 5±20 mM decreased the
generation of TCRhigh single-positive T cells both within of CD41CD81 thymocytes in negatively selecting male
fetuses (Figure 3, left panels).CD41CD82 and CD42CD81 compartments. In contrast,
PD98059 did not decrease residual TCR2/low thymocytes These results suggest that PD98059 selectively inhib-
its positive selection but not negative selection of thy-within CD42CD82, CD42CD81, and CD41CD81 but rather
increased TCR2/low CD41CD81 thymocytes (Figure 1A, mocytes in fetal thymus organ cultures, supporting the
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are involved in thymocyte development at a process
other than positive selection.
On the other hand, SB203580 inhibited the anti-CD3-
induced decrease of CD41CD81 thymocytes in fetal thy-
mus organ culture (Figure 2), suggesting that p38 kinase
is involved in the negative selection process. Indeed, in
HY-TCR-transgenic mice, SB203580 restored the ap-
pearance of CD41CD81 thymocytes in negatively select-
ing males, whereas it did not impair the generation of
CD42CD81 HY-TCRhigh T cells in positively selecting fe-
males (Figure 3, right panels).
These results suggest that SB203580 selectively in-
Figure 2. Effects of PD98059 and SB203580 on Anti-CD3-Induced hibits the process of negative selection but not positive
Deletion of Immature Thymocytes selection, supporting a novel possibility that p38-kinase
Day 17 fetal thymus lobes from normal B6 mice were cultured for activation is required for negative selection but not posi-
3 days in the absence or presence of indicated concentrations (mg/ tive selection of T cells.
ml) of 2C11 anti-CD3 antibody. Where indicated, cultures also in-
cluded 10 mM of PD98059 (hatched symbols) or SB203580 (filled
Retrovirus Transfer of Active MKK1 Mimicssymbols). Means 6 standard errors of viable cell numbers from
Positive Selection of T Cellsindividual thymus lobes and frequency of indicated cell populations
were determined as in Figure 1. CD41CD81 thymocytes were re- To further examine the role of MAP kinase cascades in
sponsible for 2C11-induced decreases of total cell numbers and positive and negative selection, we introduced MKK1
the decreases were specific for CD41CD81 cells, as 2C11 did not and MKK6 genes into developing thymocytes using a
decrease CD42CD82 cells. newly established retroviral gene transfer method (Su-
gawara et al., 1998). To do so, MKK1 and MKK6 were
cloned into a retrovirus vector along with green fluores-previously described possibility that MKK1 activation is
cence protein (GFP) intervened by the internal ribosomal
required for positive selection but not negative selection
entry site (IRES) sequence (Figure 4A). The recombinant
of T cells (Alberola-Ila et al., 1995). viruses indeed produced MKK1 (Figure 4B) and MKK6
(Figure 4C) along with GFP (Figure 4D). A retrovirus
A p38 Inhibitor Preferentially Impairs Negative producing a constitutively active mutant of MKK1 (SE-
Selection of T Cells MKK1) was also produced. SE-MKK1-transduced cells
We next examined the effects of a p38-kinase inhibitor exhibited an approximately 4-fold increase in basal level
SB203580 (Lee et al., 1994; Cuenda et al., 1995) on of ERK1/2 activity (Figure 4E).
positive and negative selection of thymocytes. The gen- To infect immature thymocytes, stable retrovirus-
eration of TCRhigh single-positive T cells both within packaging cells were cocultured with day 14±15 fetal
CD41CD82 and CD42CD81 compartments was mark- thymocytes for 1±2 days in the presence of IL-7 (Suga-
edly enhanced by the addition of SB203580 during the wara et al., 1998). Virus-mediated gene-transferred thy-
organ cultures of day 17 normal fetal thymus lobes (Fig- mocytes were sorted out of the cocultures using a flow
ures 1A, lower panels, and 1B). The generation of TCRhigh cytometer by virtue of bicistronic GFP expression on
CD41CD81 thymocytes was also enhanced (Figure 1A). infected CD451 leukocytes (Figure 4F). Equal numbers
In contrast, SB203580 decreased TCR-/low CD41CD81 of the purified GFP1CD451 thymocytes were then trans-
thymocytes (Figure 1A). Thus, SB203580 affects thymo- ferred into the environment of fetal thymus organ cul-
cyte development in a manner exactly opposite to tures, to trace the capability of T cell development (Su-
gawara et al., 1998). This method for retroviral infectionPD98059, suggesting that p38-kinase-mediated signals
Figure 3. Effects of PD98059 and SB203580
on T Cell Development in Fetal Thymus Organ
Cultures from HY-TCR-Transgenic Mice
HY-TCR-transgenic H-2b/d fetuses at day 17
of gestation were sexed under microscopy.
Two thymus lobes from a fetus were individu-
ally cultured for 6 days in the absence or pres-
ence of either PD98059 or SB203580 (10 mM).
Cells were 3-color stained for CD4 (APC), CD8
(PE), and HY-TCR-transgenic a chain (FITC-
T3-70; Teh et al., 1988). Total cell numbers
recovered from the cultures were in the range
between 3.9±7.1 3 105 per lobe, and the cell
numbers between the cultures in the absence
or presence of the reagents were not different
more than 17%. To appreciate the devel-
opment of HY-TCR-transgenic thymocytes,
CD4/CD8 contour diagrams and viable cell
numbers (in parentheses) within T3-701 gate
are displayed. Numbers in the quadrants indi-
cate frequency of the cells within the box.
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Figure 4. Retrovirus-Mediated Introduction
of MKK1 and MKK6 into Developing Thymo-
cytes
(A) Schematic illustration of recombinant ret-
rovirus vectors.
(B and C) MKK1 and MKK6 expression by
retrovirus-producing cells. NP-40-lysates from
equal numbers (105) of GP1E-86-based pack-
aging cells producing GFP-virus (GFP), MKK1-
ires-GFP-virus (MKK1), SE-MKK1-ires-GFP-
virus (SE-MKK1), or MKK6-ires-GFP-virus
(MKK6) were electrophoresed in an 8% (B) or
11% (C) SDS-polyacrylamide gel, transferred
to a nylon membrane, and immunoblotted for
MKK1 (B) or MKK6 (C).
(D) GFP expression by retrovirus-producing
cells. GP1E-86-based virus-producing cells
were trypsinized and analyzed by flow cytom-
etry. GP1E-86 control cells exhibit back-
ground fluorescence intensity.
(E) MAP kinase activity in MKK1-introduced
cells. COS7 cells were transfected with ex-
pression vectors producing MKK1 or SE-
MKK1. ERK1/2 kinase activity in the lysates
from equal numbers of cells was measured
using synthetic substrate peptide from myelin
basic protein and [g-32P] ATP. Shown are
means 6 standard errors of peptide phos-
phorylation activity (cpm) in 105 cell lysates subtracted from background activity of empty vector-transfected cells.
(F) Day 14±15 fetal thymocytes from TCRa2/2 mice were cultured for 2 days in the presence of IL-7 with control packaging cells (Mock) or
packaging cells producing indicated viruses. Cells were stained with biotinylated anti-CD45.2 antibody and Texas Red-labeled Streptavidin.
Virus-infected thymocytes identified as GFP1CD45.21 were purified over a FACS cell sorter and were transferred into deoxyguanosine (dGuo)-
treated thymus lobes from B6-Ly5.1 fetal mice.
into developing thymocytes is deprived of unwanted These results indicate that the introduction of SE-
gene transfer into other cell types including thymic epi- MKK1 into developing thymocytes restores the genera-
thelial cells, which was not ruled out in previous studies tion of CD41CD82 thymocytes that resemble mature T
(Crompton et al., 1996). cells, suggesting a possibility that the activation of the
MKK1 and SE-MKK1 were introduced into fetal thy- MKK1 signaling cascade is sufficient for replacing TCR
mocytes from TCRa-deficient mice, in which positive signals inducing positive selection during T cell devel-
and negative selection is deficient by the lack of TCRab opment.
expression. T cell development by TCRa2/2 thymocytes,
either untreated or cocultured with retroviruses express- Retrovirus Transfer of MKK6 Mimics Negative
ing GFP alone, was indeed arrested at the CD41CD81 Selection of T Cells
stage, being unable to generate mature CD41CD82 cells Finally, we examined the effects of MKK6 introduction
(Figure 5A). Cells within CD42CD81 compartment in into developing thymocytes. Unlike MKK1 introduction,
TCRa2/2 fetal thymocytes have been previously identi- MKK6 introduction considerably reduced CD41CD81
fied as immature precursor cells for CD41CD81 thymo-
cells in TCRa-deficient thymocytes in fetal thymus organ
cytes (Tokoro et al., 1996). Upon retroviral transfer of
cultures (Figures 6A and 6B). The introduction of MKK6
MKK1, we found that SE-MKK1-introduced thymocytes
reduced CD41CD81 thymocytes and mature CD41CD82restored the generation of CD41CD82 cells (Figures 5A
thymocytes even in normal B6 thymocytes (Figures 6Cand 5B) in a frequency close to normal thymocytes (Fig-
and 6D). MKK6 introduction did not, however, reduceures 5B and 5C). CD41 cells in SE-MKK1-introduced
immature CD42CD82 and CD42CD81 thymocytes (Fig-cells, including CD41CD81 and newly generated CD41
ures 6A and 6C), ruling out the possibility that MKK6CD82 thymocytes, expressed higher levels of CD5 than
introduction may kill all immature thymocytes includingCD41 cells in control GFP-introduced cells (Figure 5D),
CD42CD82 cells, thereby impairing subsequent T cellsupporting the possibility that the introduction of SE-
development.MKK1 promotes developmental potential of CD41CD81
Unlike intact MKK1 introduction, the introduction ofthymocytes. Furthermore, like normal CD41CD82 ma-
intact MKK6 markedly affected thymocyte develop-ture thymocytes and unlike CD42CD82 and CD42CD81
ment. To better understand molecular basis for the no-immature thymocytes, CD41CD82 cells in SE-MKK1-
ticeable effects by intact MKK6 introduction, we finallyintroduced TCRa2/2 thymocytes were small rather than
examined the expression levels of MKK6 in virus-intro-large blastoid (Figure 5E), supporting the possibility that
duced cells. Since the numbers of virus-infected fetalCD41CD82 cells were generated by the differentiation
thymocytes were limited (less than 6,000 cells in a typicalof precursor cells rather than the proliferation of possibly
experiment), PCR-based RNA analysis rather than pro-contaminated mature T cells. SE-MKK1-induced resto-
tein analysis was performed to estimate MKK6 levels inration of CD41CD82 cells was also observed in ZAP-
70-deficient thymocytes in organ cultures (Figure 5C). immature thymocytes (Figure 7). Virus-derived human
MAP Kinase Cascades in Thymic Selection
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Figure 5. Effects of MKK1 Introduction to T
Cell Development in the Thymus
(A and B) Day 14±15 fetal thymocytes from
TCRa2/2 mice were cultured for 2 days in the
presence of IL-7 with packaging cells produc-
ing GFP-virus (GFP), MKK1-ires-GFP-virus
(MKK1-GFP), or SE-MKK1-ires-GFP-virus (SE-
GFP). Equal numbers (1,000±2,500/lobe)
of purified GFP1CD45.21 thymocytes were
transferred into 2-deoxyguanosine-treated
B6-Ly5.1 fetal thymus lobes. Cells recovered
from thymus lobes cultured for 12±15 days
were 3-color stained for CD4 (APC), CD8 (PE)
and CD45.2 (TR). (A) shows representative
CD4/CD8 contour profiles (at day 15 in FTOC)
and viable cell numbers (in parentheses) of
virus-infected thymocytes defined as CD45.21
GFPlow1. Numbers in CD41CD82 quadrants
indicate frequency of the cells within the box.
(B) shows means 6 standard errors of the
frequency from individual measurements.
The level of CD41CD82 cells in the SE-GFP-
virus-infected group alone was significantly
higher than those in other groups (P , 0.01
by Wilcoxon's rank-sum test). Since absolute
cell numbers per thymus lobe varied among
the experiments, frequency of the cells rather
than cell numbers were analyzed for statistics
(B). Nonetheless, absolute cell numbers within
CD41CD82 gates consistently increased in SE-
GFP-virus-infected group.
(C) Day 14±15 fetal thymocytes from ZAP-
702/2 mice (n 5 4) or normal B6 mice (n 5 3)
were infected with indicated virus and were
tested for T cell development in 12±15-day
organ cultures of B6-Ly5.1 fetal thymus lobes
as in (A) and (B). Only in CD41CD82 cells of ZAP-702/2 mice, the level of SE-GFP-virus-infected group was significantly higher than that of
GFP-virus-infected group (P , 0.05 by Student's t-test).
(D) TCRa2/2 fetal thymocytes infected with indicated virus were cultured in B6-Ly5.1 fetal thymus lobes as in (A). Cells were 3-color-stained
for CD4 (APC), CD5 (PE), and CD45.2 (TR). Shown are CD5 expression levels by total, CD41, and CD42 populations of virus-infected thymocytes
infected with SE-MKK1-virus (solid lines) and GFP-virus (dotted lines). CD5 levels in SE-MKK1-virus-infected cells were higher than those in
GFP-virus-infected cells, and this CD5 increase was mostly responsible for by CD41 (CD41CD81 and CD41CD82) cells, not by immature CD42
(CD42CD82 and CD42CD81) cells.
(E) TCRa2/2 fetal thymocytes were infected, cultured, and stained as in (A). Shown are forward light scatter intensity profiles within indicated
fraction of either virus-infected cells defined by CD45.2 and GFP expression (solid lines) or adult thymocytes from normal B6-Ly5.1 mice
(dotted lines). Numbers are mean intensity in channel numbers of TCRa2/2 fetal thymocytes as well as of normal adult thymocytes (in parentheses).
MKK6 was expressed only in fetal thymocytes infected TCR signals that activate p38 kinase inducing negative
selection.with MKK6-GFP virus, not with control GFP virus,
whereas endogenous mouse MKK6 was expressed al-
most equally by fetal thymocytes infected with MKK6-
GFP virus and with control GFP virus (Figure 7A). On Discussion
the other hand, PCR reaction using the primers that can
detect both human and mouse MKK6 revealed that total The present results show that an MKK1-specific inhibi-
tor and a p38-specific inhibitor selectively impair posi-cellular MKK6 levels in MKK6-GFP-virus-infected thy-
mocytes increased approximately 4-fold more than tive and negative selection of developing T cells, respec-
tively, indicating that signals through MKK1 and p38those in control GFP-virus-infected thymocytes before
and after fetal thymus organ cultures (Figures 7A and kinase are involved in TCR signals inducing positive
selection and negative selection, respectively. Our re-7B). Although immunoblot analysis failed to visualize
protein signals in as many as 3 3 104 of virus-infected sults further show that the introduction of active MKK1
mutant into immature thymocytes can replace TCR sig-fetal thymocytes, it was found that MKK6 protein levels
in NIH-3T3 fibroblast cells (5 3 105) dramatically in- nals inducing positive selection, whereas the introduc-
tion of MKK6 appears to delete immature thymocytescreased by the transduction of MKK6-GFP virus (Figure
7C), indicating that the infection with MKK6-GFP virus replacing negative selection signals. Thus, our results
demonstrate that MKK1→ERK kinase signaling cascaderesults in an overexpression of MKK6 protein levels in
infected cells. Thus, it is likely that an overexpression and MKK6→p38 kinase signaling cascade can replace
TCR signals that characterize positive selection andof intact MKK6 in developing thymocytes is sufficient
for provoking intracellular signals that result in the dele- negative selection of T cells, respectively, identifying
that TCR signals through different MAP kinase cascadestion of CD41CD81 thymocytes, perhaps by replacing
Immunity
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Figure 6. Effects of MKK6 Introduction to T
Cell Development in the Thymus
(A and B) Day 14±15 fetal thymocytes from
TCRa2/2 mice were cultured for 2 days in the
presence of IL-7 with packaging cells pro-
ducing either GFP-virus (GFP) or MKK6-
ires-GFP-virus (MKK6-GFP). Equal numbers
(1,000±2,500/lobe) of purified GFP1CD45.21
thymocytes were transferred into 2-deoxy-
guanosine-treated B6-Ly5.1 fetal thymus
lobes. Cells recovered from individual thymus
lobes at day 8±12 in organ cultures were
3-color stained for CD4 (APC), CD8 (PE),
and CD45.2 (TR). (A) shows representative
CD4/CD8 contour profiles (at day 12 in FTOC)
and viable cell numbers (in parentheses)
of virus-infected thymocytes defined as
CD45.21GFP1. Numbers in the quadrants in-
dicate frequency of the cells within the box.
(B) shows means 6 standard errors of fre-
quency of CD41CD81 and CD41CD82 cells
from individual measurements (n 5 5). The
level of CD41CD81 cells in the MKK6-GFP-
virus-infected group was significantly lower
than that in the GFP-virus-infected group
(P , 0.01 by Student's t-test).
(C and D) Day 14±15 fetal thymocytes from B6 mice (n 5 5) were infected in suspension for 1 day either with GFP-virus (GFP) or MKK6-ires-
GFP-virus (MKK6-GFP) and were tested for T cell development as in (A and B). (C) shows representative results on day 9 in FTOC. The level
of CD41CD81 cells in MKK6-virus-infected groups was significantly lower than that in the GFP-virus-infected group (P , 0.05 by Student's
t-test).
selectively determine life or death of immature thymo- CD4 lineage (Sharp et al., 1997). Their results showed
that Erk2sem-induced increase of CD41CD82 T cell gener-cytes.
ation still requires MHC-TCR interactions that induce
positive selection, appearing inconsistent with our re-MKK1→ERK1/2 Kinase Cascade
in Positive Selection sults that the introduction of SE-MKK1 alone can replace
TCR signals inducing positive selection of CD41CD82MKK1 has been implicated as a molecule that is involved
in TCR signal characterizing positive selection, using T cells. However, Erk2sem is a hypersensitive but not
constitutively active mutant of ERK2 that does not affecttransgenic mice expressing dominant-negative MKK1
under the Lck-proximal promoter (Alberola-Ila et al., baseline ERK2 activity (Sharp et al., 1997), whereas SE-
MKK1 is a constitutively active mutant of MKK1 increas-1995, 1996). Our results using an MKK1-specific inhibitor
PD98059 are compatible with the notion that MKK1 is ing basal ERK1/2 kinase activity (Figure 4E). Thus, it is
possible that TCR signals are required for the activationcrucially required for transmitting positive selection but
not negative selection of T cells. Furthermore, our results of Erk2sem, and the activation of MKK1→ERK1/2 cascade
is sufficient for replacing TCR signals that induce posi-show that the introduction of SE-MKK1 can restore the
generation of phenotypically mature CD41CD82 cells in tive selection of CD4 T cells.
Sharp et al. (1997) have also shown that transgenicTCRa2/2 thymocytes, suggesting that MKK1 activation
is sufficient for transmitting TCR signals that induce expression of Erk2sem in developing thymocytes prefer-
entially enhances the generation of CD41CD82 thymo-positive selection of T cells. Thus, the present study
identifies MKK1 signaling cascade as a TCR down- cytes rather than CD42CD81 thymocytes and that
PD98059 preferentially blocks the generation of CD41stream signal that is required and sufficient for inducing
positive selection of T cells. CD82CD3high cells rather than CD42CD81CD3high cells in
fetal thymus organ cultures, suggesting that, unlike pos-It is interesting to point out that PD98059 inhibited
the generation of TCRhigh CD41CD81 thymocytes as well itive selection signals inducing CD41CD82 T cells, MKK1
activation is less involved in positive selection signalsas TCRhigh single-positive thymocytes (Figure 1), sug-
gesting a possibility that MKK1-dependent positive se- inducing CD42CD81 T cells. In contrast, our results
show that the generation of CD42CD81 TCRhigh cells waslection signals are involved in generating TCRhigh CD41
CD81 thymocytes before dividing CD4/CD8 phenotypes impaired by the addition of PD98059 in fetal thymus
organ cultures from either normal mice (Figure 1) or HY-of T cells. This possibility is compatible with the previous
notions that TCRhigh CD41CD81 thymocytes are postse- TCR-transgenic mice (Figure 3). It is possible that, unlike
our detection for TCRb to identify mature CD42CD81lection intermediates that are already committed to ei-
ther CD4 or CD8 T cell lineage (Shortman et al., 1991; thymocytes, their detection for CD3 to identify mature
T cells may include the detection of TCRgd1 T cells,Punt et al., 1996; Ghendler et al., 1997).
It has been reported that transgenic introduction of a which are considerably present in CD42CD81 fetal thy-
mocytes (Leclercq et al., 1992), and which are not mark-gain-of-function mutant of ERK2 (Erk2sem) into devel-
oping thymocytes enhances T cell development into edly affected by the addition of PD98059 in fetal thymus
MAP Kinase Cascades in Thymic Selection
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Figure 7. MKK6 Expression by Retrovirus-Infected Fetal Thymocytes
(A and B) Day 14 fetal thymocytes from B6 mice were cultured in suspension for 1 day either with GFP-virus (GFP or G) or MKK6-ires-GFP-
virus (MKK6-GFP or M) and were sorted for GFP1CD451 cells as in Figure 4E. Serial dilutions of total cDNA from equal numbers of virus-
infected GFP1CD451 cells either after 12 days of fetal thymus organ culture (FTOC) (A) or immediately after cell sorting before FTOC (B) were
PCR-amplified for human MKK6 (hMKK6), mouse MKK6 (mMKK6), a common sequence for human and mouse MKK6 (h1mMKK6), or b2-
microglobulin (b2m). In an experiment for (A), half of RNA samples were mock-treated without reverse-transcriptase (R. T.), to ascertain that
PCR signals were derived from cDNA, not from contaminated DNA. Water alone (W) was also PCR-amplified as a control. Lane L indicates
100 bp ladder as a molecular weight marker. In (B), MKK6 levels were further estimated by 2 additional cycles of PCR reaction. Arrows indicate
expected size (base pairs) of cDNA-derived PCR products. Note that endogenous mMKK6 and b2m levels are comparable between the
samples from GFP-virus- and MKK6-GFP-virus-infected cells.
(C) Immunoblot detection of virus-transduced MKK6. NIH-3T3 cells were transduced with either GFP-virus (GFP) or MKK6-ires-GFP-virus
(MKK6). NP-40-lysates from equal numbers of cells (5 3 105) were electrophoresed and immunoblotted for MKK6.
organ cultures (T. S. and Y. T., unpublished data). Conse- the other hand, we found that SB203580 blocked anti-
quently, cross-detection of TCRgd1 T cells in their study CD3-induced deletion of CD41CD81 thymocytes (Figure
may have hindered the inhibitory effects of PD98059 on 2) and inhibited the deletion of CD41CD81 thymocytes
the generation of CD42CD81 TCRabhigh T cells. Consis- in HY-TCR-transgenic ªnegative selectorº thymocytes
tent with our results, it was shown that positive selection (Figure 3), indicating that p38 kinase is involved in TCR
of HY-TCR-transgenic CD42CD81 TCRabhigh cells was signals inducing negative selection. We further found
inhibited by the transgenic expression of dominant-neg- that retroviral MKK6 introduction into developing thymo-
ative MKK1 in developing thymocytes (Alberola-Ila et cytes favors the decrease of CD41CD81 thymocytes
al., 1995). Thus, our results favor the possibility that (Figure 6). Basal level of MKK6 expression is limited in
MKK1 activation is involved in positive selection signals many cell types (Moriguchi et al., 1996b), and basal
inducing TCRab1 T cells in CD42CD81 compartment as activity of MKK6 per molecule appears much higher than
well as in CD41CD82 compartment, although it is still other MKKs, such as MKK3, in activating p38 kinase
possible that MKK1→ERK1/2 signals may be less in- (Moriguchi et al., 1996a), suggesting that an overexpres-
volved in generating CD42CD81 T cells. sion of intact MKK6 might be sufficient for activating
Our results show that MKK1-introduced thymocytes p38 kinase. Indeed, our results show that retroviral intro-
are induced to differentiate in the environment of fetal duction of MKK6 in immature thymocytes caused an at
thymus organ cultures. In contrast, it has been shown least 4-fold increase of MKK6 expression levels (Figure
that transgenic introduction of activated p21ras (Ha- 7). Together, our results suggest that the signal through
rasv12) is not sufficient for replacing positive selection p38-kinase cascade is crucially involved in TCR signals
signals to induce further maturation of CD41CD81 thy- inducing negative selection in the thymus.
mocytes in vivo (Swat et al., 1996). On the other hand, It is interesting to point out that SB203580, inhibiting
stable introduction of another active mutant of p21ras p38-kinase activity and thereby inhibiting negative se-
(H-ras61L) into a CD41CD81 thymocyte cell line has lection signals, markedly decreased TCR2/low CD41CD81
been shown to induce molecular changes associated thymocytes (Figure 1). It has been shown that total activ-
with positive selection including CD8 downregulation ity of p38 kinase expressed in thymocytes is elevated
(Shao et al., 1997). It is thus possible that the signal in thymus environment (Sen et al., 1996). It is thus possi-
via p21ras→Raf→MKK1→ERK1/2 cascade alone may be ble that the majority of TCR2/low CD41CD81 thymocytes
sufficient for initiating positive selection events but may are already negatively selected and are destined to die
not be fully capable of inducing the survival and accumu- within the thymus, rather than representing precursor
lation of single-positive mature T cells in vivo. Rather, cells that can further differentiate into mature T cells, a
it is likely that in vivo signals other than TCR-induced possibility that has been suggested previously (Guidos
ERK1/2 activation are required for supporting survival of et al., 1989).
positively selected thymocytes (Wilkinson et al., 1995). Our results also show that SB203580 in fetal thymus
organ cultures from normal mice increased single-posi-
tive T cells (Figure 1). Based on the possibility thatMKK6→p38 Kinase Cascade in Negative Selection
SB203580 inhibits TCR signals inducing negative selec-The present results show that, unlike MKK1→ERK1/2
tion, it is interesting to speculate that mature T cellscascade, p38-kinase cascade appears to be little, if any,
increased by SB203580 may reflect the differentiationinvolved in TCR signals inducing positive selection,
of otherwise negatively selected clones. This specula-since a p38-kinase-specific inhibitor SB203580 did not
block positive selection processes (Figures 1 and 3). On tion is consistent with the observation that SB203580
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sequence (Seger et al., 1994). A plasmid containing HA-taggeddid not markedly increase the generation of single-posi-
MKK6 was described previously (Moriguchi et al., 1996a, 1996b).tive T cells in TCR-transgenic thymocytes in that positive
S65T-mutant of GFP (Clontech, Palo Alto, CA) attached down-selection but not negative selection is exclusively in-
stream of IRES sequence from encephalomyocarditis virus was
duced (Figure 3). Whether SB203580-induced single- cloned into pGD9 vector (Sugawara et al., 1998). MKK1, SE-MKK1,
positive T cells indeed contain ªforbidden clonesº that or MKK6 was cloned into the XhoI site of pGD9-ires-GFP vector.
Retrovirus vectors were transfected into GP1E-86 packaging cells.would be otherwise negatively selected is currently un-
G418-resistant cells were clone-sorted for GFPhigh-clones using ader investigation.
FACS-Vantage cell sorter (Becton-Dickinson, San Jose, CA). Graded
dilutions of filtered supernatants from selected clones were mea-
Differential Involvement of MAP Kinase sured for virus titers, using G418-resistance of NIH-3T3 cells. Clones
producing 106±107 colony-forming units per ml were selected forCascade during Clonal Selection
subsequent experiments.Quantitative differences in TCR ligation at cell surface
All experiments using retroviruses were carried out in accordancehave been shown to determine the fate of immature
with the guidelines of the University of Tsukuba.
thymocytes during clonal selection (Ashton-Rickardt et
al., 1994; Hogquist et al., 1994; Sebzda et al., 1994;
Retrovirus Infection to Developing Thymocytes
Takahama et al., 1994). Our results showing differential in Fetal Thymus Organ Culture
involvement of ERK and p38-kinase signaling cascade Retrovirus infection into immature thymocytes and the detection of
in positive and negative selection prompt us to specu- their development in fetal thymus organ cultures have been de-
scribed (Sugawara et al., 1998). In brief, single cell suspensions fromlate that differential TCR ligation in developing thymo-
day 14±15 fetal thymocytes (1±2 3 104/well) were cultured for 1±2cytes may activate differential MAP kinase pathways,
days with virus-producing packaging cells (5 3 103/well) in the pres-leading to opposite destinations of immature thymo-
ence of recombinant mouse IL-7 (2 ng/well; Genzyme, Cambridge,
cytes. Thus, how the differential TCR ligation activates MA) in 96-well flat-bottom culture plates. Virus-infected thymocytes
differential MAP kinase pathways leading to life and identified as GFP1CD45.21 were purified using a FACS-Vantage cell
death of the cells will be of great interest. Previous stud- sorter equipped with Clone-Cyt hardware and software (Becton-
Dickinson). Equal numbers (1,000±2,500/lobe) of sorted GFP1 cellsies (O'Shea et al., 1996; Shao et al., 1997) along with
(CD45.12 CD45.21) were transferred into 2-deoxyguanosine-treatedour results suggest that the activation of signaling cas-
B6-Ly5.1 (CD45.11 CD45.22) fetal thymus lobes in a hanging-dropcade via p21ras and Raf, activating MKK1 and ERK, is
in an inverted Terasaki well and were organ cultured at the interface
closely associated with positive selection signals. On between a collagen sponge-supported filter and 5% CO2-humidified
the other hand, G protein and MAPKKK that link TCR air. Details for fetal thymus organ cultures have been described
signals to MKK6 and p38 kinase are still unclear. Signal- previously (Jenkinson et al., 1982; Tsuda et al., 1996).
ing mechanism that sorts differential TCR signals into
different G protein, MAPKKK, and MAPKK must await Immunofluorescence Staining and Multi-Color
Flow Cytometry Analysisfurther analysis. It will be also interesting to examine how
Single cell suspensions were washed in PBS (pH 7.2) containingdifferent MAP kinases result in opposite destinations of
0.2% bovine serum albumin and 0.1% NaN3. Cells were first incu-thymocytes.
bated with 2.4G2 anti-FcgR monoclonal antibody (Unkeless, 1979)
In conclusion, our results show that signals through to block binding of Ig to FcgR and stained with phycoerythrin (PE)-
ERK signaling cascade and through p38 signaling cas- labeled antibody, allophycocyanin (APC)-labeled antibody, and bio-
cade are critically involved in TCR signals inducing posi- tinylated antibody for 60 min at 48C. Cells were then stained with
Texas-red-labeled (TR)-streptavidin for 10 min at 48C. PE-anti-CD8,tive selection and negative selection, respectively. The
PE-anti-CD5, APC-anti-CD4, and labeled normal IgG control anti-retroviral gene transfer system used in the present study
bodies were obtained from Pharmingen, San Diego, CA. Anti-Ly5.1will be useful for further analysis of molecular signals
(clone A20) and anti-Ly5.2 (clone 104) were purified and biotinylated
determining the opposite fate of developing T cells. in our laboratory (Shen, 1981). Multi-color flow cytometry analysis
was performed using FACS-Vantage and Cellquest software (Bec-
ton-Dickinson) on viable cells as determined by forward light scatterExperimental Procedures
intensity and propidium iodide exclusion. Green fluorescence of
GFP was detected with the FL1 channel of FACS-Vantage.Mice
TCRa2/2 mice (Mombaerts et al., 1992) were obtained from The
Jackson Laboratory, Bar Harbor, ME. ZAP-702/2 mice (Negishi et Measurement of MAP Kinase Activity
al., 1995) and HY-TCR-transgenic mice (Teh et al., 1988) were gener- MKK1 and SE-MKK1 were cloned into pCAGGS mammalian-expres-
ously provided by Drs. Izumi Negishi and Harald von Boehmer, sion vector (Niwa et al., 1991). COS7 cells (105) were transfected
respectively. B6-Ly5.1 (also known as B6. SJL-Ptprca) congenic with indicated vectors (5 mg) using Lipofectamine reagent (GIBCO-
mice (CD45.11CD45.22) were obtained from Dr. Hiromitsu Nakauchi. BRL, Gaithersburg, MD), and cultured for 2 days. ERK1/2 (p44/p42)
Mice were maintained in Laboratory Animal Research Center, Uni- kinase activity in the lysates from equal numbers of cells (z2 3 105)
versity of Tsukuba, under a specific pathogen-free condition. HY- was measured using synthetic substrate peptide from myelin basic
TCR-transgenic mice were backcrossed with BALB/c mice and were protein and [g-32P]ATP (Biotrak MAP kinase assay system, Amer-
maintained as H-2d/d homozygotes. C57BL/6 (B6) mice were pur- sham Life Science, Tokyo, Japan).
chased from SLC, Shizuoka, Japan. To obtain H-2b/d HY-TCR-
transgenic fetuses, B6 (H-2b) females were mated with HY-TCR- Immunoblot Analysis
transgenic H-2d males. The sex of embryos at day 17 of gestation GP1E-86-based retrovirus-producing cells or virus-infected NIH-
was determined under microscopy (Takahama et al., 1992). 3T3 cells were lysed in a buffer containing 1% NP-40. Cell lysates
from equal numbers from the cells (105 for virus-producing cells or
5 3 105 for virus-infected NIH-3T3 cells) were electrophoresed inRecombinant Retrovirus Production
A phagemid DNA containing human MKK1 (Seger et al., 1992) was an SDS-polyacrylamide gel, transferred to a nylon membrane, and
detected for MKK1 using anti-MKK1 polyclonal antibody (Santa Cruzobtained from American Type Culture Collection, Rockville, MD. A
constitutively active mutant of MKK1 (SE-MKK1) was prepared by Biotechnologies, Santa Cruz, CA) or for MKK6 using anti-MKK6
polyclonal antibody (Moriguchi et al., 1996a, 1996b). Signals werePCR-based mutagenesis from TCC (Ser) into GAA (Glu) at Ser-222
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visualized by horseradish peroxydase-conjugated anti-rabbit IgG Guidos, C.J., Weissman, I.L., and Adkins, B. (1989). Intrathymic mat-
uration of murine T lymphocytes from CD81 precursors. Proc. Natl.antibody and ECL detection system (Amersham Life Science).
Acad. Sci. USA 86, 7542±7546.
Hogquist, K.A., Jameson, S.C., Heath, W.R., Howard, J.L., Bevan,Reverse Transcriptase Polymerase Chain Reactions
M.J., and Carbone, F.R. (1994). T cell receptor antagonist peptidesTotal cellular RNA from virus-infected GFP1 fetal thymocytes were
induce positive selection. Cell 76, 17±27.reverse-transcribed using Superscript II reverse transcriptase
(GIBCO-BRL) and random oligonucleotide hexamers and PCR- Izquierdo, M., Leevers, S.J., Marshall, C.J., and Cantrell, D. (1993).
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